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Abstract The present study investigates the relative den-

sity, mechanical and tribological properties of 3 mol%

yttria-stabilized zirconia composites reinforced with 10

vol% of alumna through both conventional sintering and

microwave sintering (CS and MW). The variations in

mechanical and tribological properties were correlated to

the corresponding microstructures. Wear tests were carried

out on the composite samples against EN30 grade stainless

steel disk with 320-grade emery paper for a sliding distance

of 1500 m under dry sliding condition. Wear rate and

coefficient of friction of the developed composite were

evaluated with varying normal loads in the range of

20–200 N with corresponding sliding velocities of 0.79 m/

s, 1.4 m/s, 1.8 m/s and 2.4 m/s, respectively. The maxi-

mum value of wear rate and COF of the MW samples were

51.21% and 24.59%, respectively, which were lower

compared to that of CS.

Keywords Alumina toughened zirconia (ATZ) �
Conventional sintering (CS) �Microwave sintering (MW) �
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1 Introduction

Zirconia toughened alumina (ZTA) composites are known

as a class of new-generation ceramics with a fracture

toughness that is four times higher than that of alumina

alone [1]. Going back in time, zirconia was introduced to

alumina as an aid to densify alumina, and it is only later

that zirconia was used as a reinforcement particulate to

alumina for improving the toughness [2, 3]. Several studies

have been conducted in the recent past on the use of ZTA

to improve mechanical properties. Examples include ZTA

used as reinforcement in the composites comprising of

different matrices such as Fe [4], Al [5], chromium cast

iron [6], niobium (Nb) [7]. Also, on the other hand, some

studies have been conducted using ZTA as reinforcement

for wear applications, which include the findings of Qui

et al. [8] who reinforced ZTA to Fe matrix and reported a

significant improvement in the wear properties of the

composite as compared to the matrix material. Perrichon

et al. [9] used ZTA as the matrix to develop ceramic

composites for the orthopedic hip joint. After conducting

nano-strip wear tests, they concluded that these ZTA hip

joints could provide long-term resistance against

hydrothermal aging.

In the previous decade, many studies have been focused

on developing alumina toughened zirconia (ATZ) ceramic

composites with improved mechanical properties. Exam-

ples include, Zhang et al. [10] investigated the influence of

(0.25, 2 and 2.5 wt%) alumina content on the temperature

degradation of (2, 2.5 and 3 mol%) yttria-stabilized TZP

for dental applications. Rittidech et al. [11] discussed the

effect of adding 1–8 wt% Y2O3 on phase formation and

fracture toughness of developed Al2O3–xZrO2–Y2O3

(AZY) ceramics. The addition of Y2O3 contents did not

influence the grain shape of AZY ceramics. Basha et al.
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[12] developed ZrO2 composites reinforced with SrO-

doped Al2O3 and reported that reaction sintering leads to

dense composite ceramics with finer matrix grains with

nearly homogeneous multiphase microstructures. Bansal

[13] developed dense and crack-free 10-mol% yttria-sta-

bilized zirconia (10 YSZ)-alumina composites, containing

0–30 mol% of alumina through hot pressing and achieved

lighter, stronger, and stiffer composites.

Wear is defined as the process of material removal from

the surface of one component due to the interaction

between mating and when rubbed against another surface.

Due to several numbers of contact surfaces and moving

parts involved in machines, the parts lose their reliability.

They tend to fail before their life time due to wear and

therefore, wear behavior is an essential factor to be con-

sidered by the manufacturers in the development of high-

quality durable wear-resistant materials for new and

advanced machines [14]. It is worthwhile to mention that

wear is not a material property but a consequence of

material usage and it varies from material to material based

on the conditions [15]. However, tribo-chemical reactions

between two surfaces occur dynamically when both

mechanical and thermal effects are acting simultaneously

during the operating conditions. However, there are several

diverse effects on the wear fracture mechanism, such as

abrasion, adhesion, and fatigue, and each result has its

specific mechanisms. Hamilton [16] studied the stress field

created by a circular sliding contact. They reported that the

stress beneath a circular region of contact subjected to a

normal and tangential force is distributed hemispherically

over the sliding surface. They also pointed out that for

ceramic materials, the value of tensile stress is more

important than the yield parameter as one of the principal

stresses is tensile near the edge of the contact surface. This

tensile stress acts in a radial direction leading to a ring

crack even at a low COF value.

These interesting and excellent tribological properties

and other mechanical properties at high temperatures make

them more useful in applications such as ballistic armor

[17], cutting tool inserts [18], biomedical [19], and within

no time the applications of these ZTA composites will

extend into industries such as aerospace, power generation,

automobile. The ceramic-based materials such as nitride

and carbide (e.g., SiC, Si3N4) have excellent hardness, and

silicon nitride is used for a ball bearing. However, the

problem with these materials is that, they have issues

related to oxidation and corrosion. On the other hand,

materials such as Al2O3 and ZrO2 do not suffer from oxi-

dation, and the nature of these materials is brittle. Though

the hardness of alumina and zirconia is lower than that of

carbide and nitride, their low cost makes them very

attractive and go-to materials for the manufacturers.

Moreover, the toughness and wear properties of alumina

can be enhanced by adding zirconia. However, the prop-

erties of ZTA must be improved by reinforcing the mate-

rial. It has been reported in the literature that the addition of

up to 1 wt% of MgO to ZTA-TiO2 composite can signifi-

cantly improve all the mechanical properties along with

wear [20, 21]. Also, the addition of carbon nanotubes up to

0.1 wt% to ZTA can suppress grain growth in the ZTA

matrix and hence improve the mechanical properties [22].

Azhar et al. [23] discussed the microstructure, mechanical

properties and wear performance of ceramic cutting inserts

produced from Al2O3, yttria-stabilized zirconia and mag-

nesium oxide system. The increase in hardness of the

cutting insert is mainly contributed by small-sized Al2O3

grains. De Couto et al. [24] reported that the addition of

CNT in the ceramic and composite caused a general

increase in densification, hardness, flexural strength and

fracture toughness of ZTA composites and the addition of

0.1 wt% of CNT yielded the best results.

From the literature, it can be found that most of the

studies were conducted at a micro-scale with a conven-

tional sintering method and very few studies were found to

have focused at the nanoscale. Recently, microwave sin-

tering (MW) process came into the picture as a novel

sintering technique compared to conventional sintering

(CS), especially for materials that require high-temperature

sintering [25]. Moreover, MW also overcomes the draw-

backs such as poor and incomplete sintering [26], pro-

longed sintering times, low heating rates [27], that are

encountered in CS.

Therefore, the main objective of the present study is to

develop and evaluate the mechanical, metallurgical and

tribological properties of ZrO2 matrix composites rein-

forced with Al2O3 by using both CS and MW processes

separately. Also, the average grain size, relative density,

microhardness, fracture toughness, wear rate and COF of

the composite samples developed through CS and MW

have been compared.

2 Experimental Methods

2.1 Materials

In this present work, nanopowder of 3 mol% yttria-stabi-

lized zirconia (3-YSZ) (99% purity, 5.68 g/cm3 theoretical

density and 30 nm primary size of monoclinic particles)

was used as matrix material. The reinforcement used in the

present study was commercially available a-Al2O3

nanopowder (99% purity, 3.95 g/cm3 theoretical density

and 100 nm mean particle size). This high purity, thermally

reactive type powders were procured from ‘‘Nano Partech’’

Chandigarh, India. Both the powders were used as starting

materials.
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2.2 Development of the Composites

The steps involved in the preparation of ceramic-based

nanocomposites consisted of reinforcing Al2O3 to the zirconia

matrix and sintering them separately using CS and MW

processes. Two different hybrid composite samples with the

intended compositions shown in Table 1 were sintered by

conventional sintering and microwave sintering.

For clarity of the composites developed, a flow

chart with as-received materials with stepwise experimen-

tation procedure is shown in Fig. 1.

The powders were weighed according to the proportions

shown in Fig. 1 and hand-blended using an agate mortar

and pestle with polyvinyl alcohol (PVA) as a binder. Each

powder sample was blended manually for 40 min. After

blending, the powders were dried at 50 �C to remove the

moisture content, and then the powders were sieved to

remove the agglomerated particles and other impurities.

Polyvinyl alcohol was used as a binder to avoid cracking

during compaction and sintering process as the green

strength of these composites was inferior and could break

while handling. A muffle furnace was used to sinter the

compacted green composite samples with 10 vol% of

Al2O3 reinforced to 3 mol% YSZ matrix, while a micro-

wave furnace was used to sinter the same compositions as

the first set. The MW furnace (customized furnace, Omi-

cron Scientific Equipment Company, Dwarka, New Delhi,

India) was used to sinter the samples in a vacuum with a

power supply of 1.5 kW. The infrared radiation ther-

mometer was used to control the sintering temperature of

the sintered samples. It was focused and concentrated on

the surface of the test sample through a small circular

aperture in the wall of the test cell. The green samples were

sintered using the susceptor material of SiC within the

microwave furnace at 2.45 GHz, which acted as a hybrid

heating source. The sintering process began at room tem-

perature and was continued for a constant period until the

end sintering was achieved, which was then followed by

cooling. The range of process parameters used in the pre-

sent CS and MW is given in Table 2.

2.3 Characterization Methods

For the microstructure evaluation, samples were given

better polishing, and then thermal etching was applied. In

the thermal etching method, the samples were heated up to

1000 �C or below their melting point temperature and then

cooled down up to 250 �C, after that applied chemical

etching (H3PO4 acid) for 2 min [28]. The actual density of

sintered samples was measured using standard Archi-

medes’ principle, and the theoretical density was measured

using the rule of mixtures. FE-SEM was used to analyze

the microstructure. The average grain size of the sintered

samples was determined using a linear intercept approach

with the help of the ‘‘Image J’’ analysis software program.

The microhardness value was measured using a comput-

erized Vickers hardness testing machine with a load of 300

grams for a dwell time of 10 Sec. In the present experi-

mentation, the value of c/a ratio obtained was higher than

2.5. Therefore, the composites belonged to the radial-me-

dian crack system, as reported in our recent papers [22, 24].

Thus, the Anstis equation is favorable to apply for calcu-

lating the fracture toughness of the developed composite

samples. For each sample, for accuracy and precision, ten

indents were taken at different places of the sample by

using a macro-Vickers indenter machine. The fracture

toughness (KIC) was calculated using the Anstis relation as

shown in (Eq. 1) [29].

KIC ¼ 0:016
E

HV

� �1
2P

c
3
2

ð1Þ

where p—indenter load, c—radial crack length, E—overall

Young’s modulus, which is calculated using the mixture

rule, a—half of the indentation diagonal, and Hv—Vickers

hardness.

2.4 Tribological Studies

The developed composite samples were subjected to wear

test using a pin-on-disk apparatus. Table 3 gives various

parameters and their corresponding values that were used

in the characterization of COF and wear rate. The selection

of parameters like normal load, sliding velocity, and

duration of rubbing chosen for conducting wear test on the

developed composites were the minimum values where the

actual wear of the sample started to occur. Below these

values, wear did not occur. Normally, COF values varied

for a certain duration of rubbing and after that, it remained

constant in the entire experiment [30]. Therefore, in the

present study, the period of rubbing was kept constant in

Table 1 Intended compositions for tribological studies of ATZ composite

Developed composite Al2O3 (vol%) ZrO2 (vol%) Sintering temperature (�C)

ATZ through CS 10 90 1600

ATZ through MW 10 90 1600
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the entire experiment. Other parameters were calculated

accordingly.

The pin-on-disk apparatus pointing out various parts are

shown in Fig. 2.

The pin-on-disk apparatus comprised of pin (the sample)

with the spherical surface at the tip, and a circular rotating

disk was placed in a perpendicular direction to the spher-

ical surface pin. The dimensions of the pin were as follows,

15 mm diameter and 30 mm long. The circular track on

which the samples slide had 100 mm diameter, with a

sliding duration of 10 min for a sliding distance of 1500 m.

The pin was held with a jaw in the apparatus, and the

motion of rotation provided to the disk resulted in wear of

pin on a fixed path on the disk. All the experiments were

performed using 320-grade emery paper placed on the

surface of an EN30 flat steel disk. The load on the spherical

Fig. 1 Flow diagram of the

present work showing stepwise

experimentation procedure

Table 2 Various process parameters and their ranges of CS and MW

Parameter CS process MW process

Pressure 200 MPa (hydraulic pressure) 200 MPa (hydraulic pressure)

Sintering temperature 1600 �C 1600 �C
Heating rate 5 �C/min 25 �C/min

Holding time 6 h 1 h

Sintering environment Vacuum (10-6 torr) Vacuum (10-6 torr)

Table 3 Various parameters were used in tribological studies

S. no. Parameters Operating conditions

1 Normal load 20–200 N

2 Sliding velocity 0.79 m/s, 1.4 m/s, 1.8 m/s and 2.4 m/s

3 Disk material EN30 steel, 62 HRC (standard hardness)

4 Pin materials Developed ceramic composite samples

5 Surface condition Dry

6 Duration of rubbing 10 min

7 Sliding distance 1500 m
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pin was applied by placing weights on the arm attachment

of the apparatus. A computer was attached to the apparatus

to provide results and graphs which were connected to a

data acquisition system. The COF and wear rate was cal-

culated using Eqs. 2 and 3, respectively [31].

Specific wear rate Wsð Þ ¼ rVjFXLð Þ ð2Þ

Coefficient of friction lð Þ ¼ f jNð Þ ð3Þ

where rVð Þ = Wear volume loss, N = Applied normal

load, L = Sliding distance, l = Coefficient of friction,

f = Friction force.

3 Results and Discussion

3.1 XRD Analysis

Figure 3a shows the XRD pattern of the as-received

3 mol% yttria-stabilized zirconia (3YSZ) powder. From

Fig. 3a, it could be observed that zirconia was present in

two phases namely tetragonal phase (designated as t, ICDD

file No. 072-7115) and monoclinic phase (designated as m,

ICDD file No. 037-1484). The tetragonal zirconia (t-ZrO2)

phase exhibited the highest peak intensity while the mon-

oclinic zirconia (m-ZrO2) phase exhibited few minor

peaks.

The XRD analysis was carried out for phase analysis of

the ATZ sintered samples, which were prepared through

CS and MW sintering and the XRD peaks are shown in

Fig. 3b. Various phases of tetragonal zirconia (t-ZrO2)

(designated as t, ICDD files No. 01-083-0113) and alumina

(a-Al2O3) (designated as a, ICDD files No. 00-010-0173)

and a few amount of monoclinic zirconia (m-ZrO2) (des-

ignated as m, ICDD files No. 01-078-1807) were observed

in the XRD pattern. The tetragonal phase of ZrO2 was seen

as a stable phase. All the peaks of phase analysis through

CS-sintered and MW-sintered samples were found to be

almost the same, and there were no secondary phases. The

highest peak intensity of tetragonal t-ZrO2 was detected at

an angle of 30�. The m-ZrO2 phase got fully transformed

into t-ZrO2, with the presence of 3 mol% yttria-stabilized

zirconia. It was observed that the MW-sintered sample

exhibited a lesser amount of monoclinic phase of ZrO2. In

the present study, despite the same parameters, different

heating and cooling rates were applied to the composites by

CS and MW during sintering due to their operating

mechanisms. During MW sintering, due to its fast heating

and cooling rates, the large fraction of finer t-ZrO2 crys-

tallites than the larger m-ZrO2 phases were retained, which

led to better microstructure as well as improved densifi-

cation of the material. On the other hand, during CS, high

ratios of m-ZrO2 were retained due to the long periods of

heating and cooling that poorly improved the

microstructure.

3.2 Microstructure Analysis

The microstructure evaluation of the developed ATZ

composites was carried out using a field emission scanning

electron microscope (FE-SEM) and backscattered electron

(BSE) detectors. These composites were developed with

Al2O3 reinforced to the ZrO2 matrix through CS and MW,

respectively, are shown in Fig. 4. The alumina grains (dark

gray grains) were distributed homogeneously in the zirco-

nia (small white grains) matrix. Compared to CS samples,

MW samples exhibited smaller alumina grains that were

homogeneously distributed in the zirconia matrix, as seen

in Fig. 4d.

Since the developed composite samples were non-con-

ductive, they were coated with a thin gold layer to make

them conductive before the FE-SEM examination. Fig-

ure 4a–d shows the FE-SEM micrographs of CS and MW-

sintered composites, respectively, with different magnifi-

cation and mode. From Fig. 4a, b, it could be observed that

the white and dark gray phases were t-ZrO2 and Al2O3,

respectively (as pointed out with arrows). Moreover, uni-

form distribution of the reinforced particles and close

packing of the matrix grain was observed, which led to

high-density composites. From Fig. 4a, c it could be

observed that even though the uniform distribution of the

reinforced particles was achieved, grain size was not as

significant as that was found in the MW composite samples

despite being provided with the same sintering tempera-

ture. However, from Fig. 4a–d, it could be noticed that all

the samples attained full density and homogeneously dis-

persed grains of Al2O3 and ZrO2 in the alumina matrix.

Fig. 2 Pin-on-disk apparatus used in the present study
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3.3 EDS Analysis

Energy-dispersive X-ray spectroscopy (EDS) of the

developed ATZ composite samples reinforced with 10

vol% of Al2O3 to the ZrO2 matrix is shown in Fig. 5.

According to the EDS of the ATZ sintered samples,

which are shown in Fig. 5, the addition of 10 vol% of

Al2O3 reinforced to the ZrO2 matrix was observed to

exhibit a minimum value of Al element of 3.87 wt% and

the maximum value of Zr element of 69.72 wt% in the

composite samples sintered through CS as demonstrated in

Fig. 5c. In comparison, the maximum value of Al element

of 6.14 wt% and the minimum value of Zr element of 50.77

wt% were obtained in the MW-sintered composite samples

as demonstrated in Fig. 5d. Generally, we know that

alumina is a hard material and zirconia is a tough material.

The hardness of alumina is more than that of zirconia.

Therefore, the higher value of the Al2O3 element found in

the composites indicated an improvement in the hardness.

In comparison, the higher value of the ZrO2 element

indicated an improvement in the fracture toughness. This

could be attributed to the stress-induced martensitic trans-

formation of stable t-ZrO2 to m-ZrO2 in the stress field

around a propagating crack that enhanced the toughness of

zirconia ceramics as seen from Fig. 3. The MW-sintered

sample exhibited higher values of wt% of Al and from the

results, it was observed that they showed better tribological

behavior compared to CS composite samples. The prop-

erties of five samples with the same composition and

developed ATZ composites were investigated like relative

Fig. 3 X-ray diffraction patterns showing a peak intensities of as-received 3 mol% yttria-stabilized zirconia powder, b ATZ composites

developed through CS and MW
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densities, average grain size, microhardness, and fracture

toughness as given in Table 4.

3.4 Average Grain Size

The average grain sizes of the composite samples devel-

oped through CS and MW, is given in Table 4. In the MW

process, very rapid Joule heating took place in the particles

compared to that of CS under pressure less condition.

Therefore, the composites processed through MW showed

dense microstructures and grain growth suppression com-

pared to CS-sintered samples as shown in Fig. 4. Due to

the rapid heating and high heating rate provided by MW, it

did not give enough time for the grain growth leading to

smaller average grain sizes in the MW samples. On the

other hand, in CS composite samples, rapid heating could

not be achieved due to the mode of heating employed,

leading to a prolonged sintering time. Therefore, during

CS, the grains had enough time to grow, resulting in a

larger average grain size. The smallest average grain size

was found in the composite sample sintered through MW

as shown in Fig. 4.

3.5 Relative Density

The relative densities of the developed composites are

given in Table 4. As discussed earlier, very rapid and local

heating with simultaneous application of load in MW led to

high-density composites compared to the samples sintered

using CS. However, it was observed that the relative den-

sity of the composites was well above 98.5%. The

improvement in the relative density of MW composites

could attributed to the very rapid heating, local particle–

particle interface heating, good diffusion between the

neighboring particles, quick processing time, etc.

Fig. 4 The thermally etched FE-SEM microstructures of the developed ATZ composites at 1600 �C, BSE mode a CS and b MW and Normal

mode c CS and d MW
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3.6 Microhardness

Variation in microhardness of the developed composites

through MW and CS is given in Table 4. From Table 4, it

could be observed that there was a trend of continuous

decrease in the hardness of the composites. Composite

samples sintered through MW showed higher values of

microhardness. However, the presence of ZrO2 decreased

hardness, while Al2O3-reinforced composites exhibited

increased hardness, which could be attributed to the better

transformation toughening provided by ZrO2 particles to

inhibit the grain growth of Al2O3 and ATZ, leading to grain

suppression. Improved density and suppression of grain

growth could be the reason for the improvement of hard-

ness in the MW composite samples. The microhardness of

ATZ through CS was of lower value compared to ATZ

through MW.

3.7 Fracture Toughness

Variation in the fracture toughness of the composite sam-

ples developed through MW and CS is given in Table 4.

Fig. 5 EDS spectra of ZrO2

matrix composites reinforced

with Al2O3 and sintered through

a CS and b MW

Table 4 The properties of developed ATZ composites like average grain size, relative densities, microhardness and fracture toughness

S. no. Processes Average grain size (lm) Relative density (%) Microhardness (GPa) Fracture toughness (MPa m1/2)

1 CS 0.511 ± 0.06 98.69 ± 0.13 17.31 ± 0.18 13.5 ± 0.99

2 MW 0.391 ± 0.04 99.11 ± 0.11 18.71 ± 0.15 14.7 ± 1.1
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Fracture toughness is the ability of a material to resist

fracture by absorbing energy and providing resistance to

crack propagation. During MW, the rapid heating rate was

applied, while in CS sintering, slow heating was applied in

a pressure-less condition. More suppression of grain

growth and dense microstructures were observed in the

sintered samples through MW compared to that of the CS-

sintered samples, as shown in Fig. 4. The presence of

transformation toughening of ZrO2 had reduced the mon-

oclinic phase and increased the tetragonal phases and hence

resulted in improved fracture toughness of the sintered

samples [32] as shown in Fig. 3. The fracture toughness of

ATZ composites developed through CS was found to be of

lower value compared to MW.

3.8 Characterization of Tribological Properties

Wear test was carried out on the ATZ composite samples

developed through CS and MW to evaluate the wear rate

and COF by varying normal load in the range of 35–95 N

and various sliding velocities (0.79 m/s, 1.4 m/s, 1.8 m/s

and 2.4 m/s) for a sliding distance of 1500 m.

(a) Variation in the COF with varying normal load and

sliding velocity

Variation in the COF of the developed composites with

variation in the normal load in the range of 35–65 N with

0.79 m/s, 1.4 m/s, 1.8 m/s sliding velocities is shown in

Fig. 6.

The COF decreased with an increase in the normal load

irrespective of the sliding velocity. However, with an

increase in the sliding velocity, the COF further decreased,

as seen in Fig. 6. The reduction in the COF values could be

attributed to the formation of a compacted tribo-layer

between the pin and disk. Specifically, when the normal

load increased, the oxide layer was transformed from the

counter surface (disk of emery paper) to the pin (developed

composite samples). It resulted in reduced COF values

[33]. As compared to CS-sintered composite samples,

lower values of COF were observed in the composite

samples sintered through MW. The ATZ through MW

composite samples showed lower values of COF compared

to the ATZ through CS composites samples, as shown in

Fig. 6.

(b) Variation in the wear rate with varying normal load

and sliding velocity

The variation in wear rate of the developed composites

with varying normal load in the range of 35–65 N at

0.79 m/s, 1.4 m/s, 1.8 m/s sliding velocities is shown in

Fig. 7.

The wear rate of the developed composite samples

increased with an increase in the normal load with sliding

velocities of 0.79 m/s, 1.4 m/s, 1.8 m/s. The wear rate

decreased with an increase in the sliding velocity and

increased with an increase in the normal applied load. No

tribo-layer formation was observed at low normal loading

conditions, which might be the possible reason for an

increase in the wear rate. However, the wear rate rapidly

increased beyond 60 N for all sliding velocities. It was

observed that the tribo-layer formation occurred when the

applied normal load exceeded 60 N. As discussed earlier,

the formation of a tribo-layer on the developed composite

sample pin resulted in the reduction of wear rate. The tribo-

layer of the material was transferred from the counter

surface (steel disk) to the pin as a product of the environ-

mental reaction (oxides). This tribo-layer reduced with the

direct contact of pin (sintered samples) to the counter disk

surface. Lower values of wear rate were observed in the

composite samples sintered through MW compared to the

CS composite samples, as observed from Fig. 7.

(c) Variation in COF with varying normal load and

constant higher sliding velocity

The variation in the COF of the developed composite

samples with varying normal load in the range of

Fig. 6 Variation in COF of the CS samples with varying normal load

at a sliding velocity of 0.79 m/s, 1.4 m/s, and 1.8 m/s

Fig. 7 Variation in the wear rate of the CS samples with varying

normal load at a sliding velocity of 0.79 m/s, 1.4 m/s, and 1.8 m/s
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20–200 N at a constant sliding velocity of 2.4 m/s is shown

in Fig. 8.

At higher loads and higher sliding velocities, the contact

pressure on the asperity tip at the contact surface increased

and gave rise to flash temperatures, which allowed the wear

transition and orient deformation of the asperity tips at

elevated temperatures. The contact of the tribological sur-

face was found in severe wear conditions when the possible

crack propagated rapidly and subsequently activated wear

particles. Thus the value of COF increased at higher loads

and higher sliding velocity. The COF increased with an

increase in the normal load at the sliding velocity. The

COF rapidly increased at a higher sliding velocities of

2.4 m/s, which was due to the rapid removal of the rough

surface at a higher sliding velocity, which led to severe

plastic deformation and formation of compact trio-layer

layer between the pin and disk [34]. The MW-sintered

composite samples were found to show lower values of

COF compared to that of the CS-sintered composite sam-

ples. The developed ATZ through MW composites exhib-

ited lower values of COF compared to that of the

composites developed through CS. The maximum values

of COF were found to be 0.793 and 0.598 in the composite

samples developed through CS and MW, respectively, as

shown in Fig. 8. The corresponding calculation was done

using Eq. (4).

COF value of CS compared to MW = 1� COFCSmaxð Þ
COFMWmaxð Þ � 100

� �

ð4Þ

COF value of CS compared to MW ¼ 1� 0:598ð Þ
0:793ð Þ � 100

� �

¼ 24:59%

where COFCSmax = Maximum value of the coefficient of

friction of CS-sintered samples, COFMWmax = Maximum

value of the coefficient of friction of MW-sintered samples.

The maximum value of the COF exhibited by the

composite samples developed through MW was 24.59%,

which was lower than that of the COF of conventional

sintered samples.

(d) Variation in wear rate with varying normal load at a

fixed higher sliding velocity

The variation in the wear rate of the developed com-

posite samples with varying normal load in the rage of

20–200 N and a constant sliding velocity of 2.4 m/s is

shown in Fig. 9.

As discussed earlier, at higher load and sliding velocity,

the contact pressure on the asperity tip increased giving rise

to flash temperatures, which allowed wear transition and

orient deformation of the asperity tips at elevated temper-

atures [35]. The contact of the tribological surface was

found to undergo severe wear when the possible crack was

propagated rapidly and subsequently activated the wear

particles. Thus the wear rate increased with higher load and

sliding velocities. The wear rate rapidly increased with the

increase in the normal load at a sliding speed of 2.4 m/s.

No tribo-layer formation was observed at low normal

loading conditions, which might be the possible reason for

the increase in the wear rate. However, the wear rate

rapidly increased beyond the 60 N irrespective of the

sliding velocity. It was observed that the tribo-layer on the

surface was formed beyond 60 N. Wear transition phase

occurred on cracks with plastic deformation and severe

wear took place and resulted in increasing COF and wear

rate. The tribo-layer consisted of material transferred from

the counter surface (steel disk) to pin along with the

environmental reaction products (oxides). This tribo-layer

reduced the direct contact of pin (developed ATZ com-

posite) to the counter of the disk surface.

Fig. 8 Variation in the COF with varying normal load at a constant

sliding velocity

Fig. 9 Variation in the wear rate with varying normal load at a

constant sliding velocity
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The MW-sintered composite could have promoted a

highly adhered layer at the contact surface compared to CS

samples resulting in better wear resistance. The sample

developed through CS had a loose layer at the contact

surface, which got worn out in a shorter period leading to

an increase in the wear rate. Compared to CS samples,

composite samples developed through MW were found to

exhibit a lower wear rate. The maximum values of the wear

rate were found to be 513.09 9 10-7 mm3/m and

250.33 9 10-7 mm3/m in the composite samples devel-

oped through CS and MW, respectively, as shown in Fig. 9

and its corresponding calculations were done using Eq. (5).

WR value of CS compared to MW

¼ 1� WRCSmaxð Þ
WRMWmaxð Þ � 100 ð5Þ

WR value of CS compared to MW ¼ 1� 250:33ð Þ
513:09ð Þ � 100

ð6Þ

WR value of CS compared to MW ¼ 51:21%:

where WRCSmax = Maximum value of wear rate of CS-

sintered sample, WRMWmax = Maximum value of wear

rate of MW-sintered sample.

The maximum value of the wear rate of 51.21% of

microwave sintered samples exhibited lower values than

the conventional sintered samples.

(e) Morphology of worn-out surfaces of the composite

samples and AFM analysis of the composites

The FE-SEM microstructures of typical worn-out sur-

faces of 10 vol% alumina reinforced to the zirconia matrix

are shown in Fig. 10a–d. The microstructures reveal the

morphology of the wear track of CS- and MW-sintered

samples at a normal load of 100 N and 200 N, respectively.

As discussed earlier, in the MW process, rapid joules

heating was applied, while in CS, slow heating was applied

under pressure-less conditions. Therefore, more uniform

grains were observed in the samples sintered through MW

when compared to the CS samples. Due to the decrease in

the grain size, the hardness of the composites increased in

the case of MW composite samples. The Al2O3 rein-

forcement provided an improvement in the hardness, while

the ZrO2 matrix also produced an improvement in the

fracture toughness of the composite. The presence of ZrO2

also provided suppression of grain growth by transforma-

tion toughening, leading to an increase in the hardness.

Therefore, an increase in the hardness of the sample led to

a hard surface providing more resistance to wear. When the

applied normal load was 100 N, the worn-out surfaces of

the composite samples exhibited plastic deformation

mechanism and mixed abrasion. The morphology of the

worn-out surfaces of the composite samples changed from

fine scratches to grooves and damaged spots. The presence

of abrasion on the worn-out surfaces of the samples was

found with scoring grooves along the direction of sliding.

These grooves were formed due to the action of the wear-

hardened particles deposited on the surface of the disk

track. Further, increasing the normal load up to 200 N, it

was found that the locally damaged spots and fractured

spots on the surfaces were due to the inability of the pro-

tective layers of reinforcing particles to remain for a longer

time.

Moreover, under the action of plowing, the composite

samples were found to fracture due to severe deformation.

With an increase in the normal load, the COF decreased

and the wear rate increased at a sliding velocity of 2.4 m/s,

which was due to the low contact between ceramic and

metal. Shallow grooves were formed under a lower normal

load as the loose particles entrapped between the composite

sample and disk created a plowing effect. The entrapped

particle in the matrix in which the loose particles were

pulled out from the matrix during sliding is shown in

Fig. 10a, c. The crack propagation could be observed from

Fig. 10b, d. The overall depth of the plastic deformation

and applied load-related linearity depended on the relation

between normal load and wear rate.

In the conventional sintered composite sample, it was

observed that the loose tribo-layer was formed on the

surface of the sintered sample at the normal load 100 N as

shown in Fig. 10a. Furthermore, at a higher normal load of

200 N, there were more uncovered tribo-batches at the

tribo-surface as seen in Fig. 10b. This led to the marginally

higher COF at normal loads. In the microwave sintered

sample, it could be found that fewer loose tribo-layers were

formed at the tribo-surface at a normal load of 100 N as

shown in Fig. 10c. Furthermore, with an increase in the

normal load up to 200 N, large peeled off tribo-layers

could be observed, as shown in Fig. 10d, which led to more

virgin composite pin to metal contact. Also, a covered

adherent tribo-layer at the tribo-surface could be observed

from Fig. 10d. This adherent layer reduced the frictional

force between the sliding surfaces leading to a decrease in

the COF. On the other hand, with an increase in the normal

load, the tribo-layer that was formed was peeled off during

sliding resulting in an increase in the COF. The FE-SEM

microstructures of the worn surfaces of the composite

samples developed through CS exhibited broad and deep

grooves, several plastic deformations, and large pits, when

compared to that of the composite samples, developed

through MW.

Further, the wear mechanisms involved in the mor-

phology of the worn surfaces after wear testing were

demonstrated through atomic force microscopy and FE-
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SEM analysis throughout the worn-out surfaces of devel-

oped composites. AFM studies were carried out to analyze

the wear topography of ATZ composite developed through

CS, as shown in Fig. 11a, b and ATZ composite developed

through MW, as shown in Fig. 11c, d performed at similar

wear conditions. The topographical aspects of the wear

surface are presented in Figs. 11 and 12, respectively.

Figure 11 represented the AFM results of the worn surface

of ATZ composite developed through CS at an applied

normal load of 200 N for a sliding distance of 1500 m. As

discussed earlier, this developed composite was observed

to show maximum wear on the surfaces among the two

other developed composites [36].

Since the hardness of the ATZ composite developed

through the MW process was high as compared to ATZ

composite developed through the CS process, the worn

surface topography of the composite surfaces was entirely

different. For the same applied load and sliding distance,

the wearing phenomena of the ATZ composite developed

through CS became more severe as compared to ATZ

composite developed through MW and the average surface

roughness (Ra) of the worn surface was 0.519 lm and

maximum roughness height hmax was 1.0 lm as shown in

Fig. 11b. The severe wear of the composite sample could

be attributed to the decrease in the hardness value and an

increase in the actual area of contact between the abrasive

and sample surface. Consequently, the flow stress reduced

[36] concerning abrasive and wear surface, which pro-

moted maximum indentation of abrasive particles on the

ceramic matrix, followed by an increase in coefficient of

friction and groove width, as seen from Fig. 11c. Figure 12

shows the worn surface for the ATZ and their respective

AFM topography of the composite developed through MW

with an applied normal load 100 N for a sliding distance of

1500 m, as discussed earlier. As discussed earlier, this

developed composite was observed to show minimum wear

on the surfaces among the two other developed composites.

The wear scars developed on the composite 2D surface

are as shown in Fig. 12a. The maximum surface roughness

peaks (hmax = 0.22 lm), as shown in Fig. 12c, were due to

Fig. 10 FE-SEM microstructure of worn-out surfaces of the developed ATZ composite samples with a normal load of 100 N and 200 N at a

constant sliding velocity of 2.4 m/s a CS 100 N, b CS 200 N, c MW 100 N and d MW 200 N
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the steep side deep groove formation, which might have

occurred due to the axial overload during sliding. Con-

cerning the above abrasive wear parameters, experimental

results revealed that the volumetric wear rate was low and

on the other hand, the coefficient of friction was high. From

the topography, it was evident that the groove widths were

relatively constant and average surface roughness of about

0.209 lm were found.

4 Conclusions

Based on the present investigation, the following major

conclusions could be drawn:

• Full density was achieved in the composite samples

sintered through MW as compared to CS composite

samples, which also yielded decent relative density.

• XRD analysis revealed that the presence of transformation

toughening of ZrO2 reduced the monoclinic phase and

increased the tetragonal phases and hence resulted in

improved fracture toughness of the developed composite

samples. However, full density and suppression of grain

growth along with the pinning effect improved the

fracture toughness of the MW samples when compared

to that of the CS composite samples.

• The tribological properties of the composite samples

developed through MW were enhanced remarkably

when compared to that of the composite samples

developed through CS. The MW-sintered composite

could have promoted a highly adhered layer at the

contact surface compared to CS-sintered samples

resulting in better wear resistance. On the other hand,

at lower normal load conditions, no tribo-layer forma-

tion was observed, which could be the possible reason

for the increase in the wear rate.

Fig. 11 AFM results indicating the worn surface profile with x-axis direction of ATZ through CS at an applied load of 200 N and sliding

distance 1500 m: a 2D surface topography, b corresponding isometric 3D surface topography, c line surface profile indicating the position of the

line on a
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• With lower values of wear parameters, the COF

decreased and the wear rate increased with an increase

in the normal loads and sliding velocity. On the other

hand, with higher values of wear parameters, the wear

rate and COF increased with an increase in the normal

loads and sliding velocity due to the rapid removal of

the rough surface at a higher sliding velocity, which led

to severe plastic deformation and formation of compact

trio-layer layer between the pin and disk. However, the

wear rate rapidly increased beyond a normal load of

60 N irrespective of the sliding velocity.

• During the wear test of CS composite samples, the top

layers of the samples (pin) wore out at the contact

surface in a shorter period as they were loosely bonded,

and hence, the COF values of the CS samples were

found to be higher than that of the MW composite

samples.

• The values of the COF and wear rate of developed ATZ

composites through MW were lower than that of the

composites developed through CS.

• The maximum value of the wear rate and the COF of

the MW composite sample was calculated to be 51.21%

and 24.59%, respectively, which were lower compared

to the CS composite samples.
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